An aerial deployment technique is required for the Mars airplane to get a large wing area and compactness. A multibody dynamics simulation program was developed to assess the safety of the dynamic behaviour during aerial deployment. An effect of an initial deployment angle was revealed through the simulation. A pitching moment was generated due to the drag and pitching moment acting on the right and left wings.
: Expression measured from a system that is written on the right side of the subscript.
A : Time derivative of the arbitrary parameter A.
A(i)
: The i-th element of the arbitrary vector A.
T : Transposed operator.
Introduction
Application of an airplane for Mars exploration has been seriously considered as a new effective exploration method 1, 2) . Mars has been explored using rovers and satellites. The former could obtain high-resolution data, however the area of exploration was small. The latter could explore a vast area, however obtainable data were of low resolution. By contrast, airplanes can fly over several hundreds of kilometers, which is impossible for rovers. In addition the airplane can get higher resolution data than satellites because its flight altitude is one-hundredth of that of the satellites. Hence the use of airplanes will lead to new scientific discoveries.
One of the challenges of an airplane for Mars is the aerial deployment mechanism. Atmospheric density on Mars is one-hundredth of that on Earth. Hence the airplane for Mars needs a large wing. However, airplanes of large sizes are inconvenient due to the limitation of the transportation capacity of a rocket and aeroshell. Consequently, the airplane for Mars would require deployment mechanisms. In addition, an aerial deployment technique can be suitable for the Mars airplane because it allows for elimination of a take-off system and for using the initial altitude to its advantage. Therefore several design concepts of the Mars airplane have been planned to deploy in the air 2, 3) . Folding type is well known as a deployment mechanism 4) . Folding type wing is folded by hinges. Because the structure is simple, this type is lightweight and has a high reliability.
Aerial deployment of the folding wing has a risk for instability due to aerodynamic and inertial forces. To assess safety before the flight, a multibody dynamics simulation program was developed and then the dynamic behaviour of the Mars airplane with folded-wing deployment was evaluated. The effect of initial deployment angle was investigated. Figure 1 shows a model geometry. The model consists of three rigid bodies: center, right wing, and left wing. These bodies are described as rigid body A, B, and C in this paper. The center consists of a center wing, a fuselage, and a tail. The right and left wings are assumed as a flat plate. The bodies are connected by hinges. The hinge axes are parallel to the X axis. The hinge has a spring to help deploying. Figure 2 shows a deployment process. The right and left wings are folded under the fuselage at first. Then both wings rotate around the hinges. The rotation stops when the wings align with the center. Table 1 shows specifications of the Mars airplane 2) . Fig. 1 . Model geometry. Fig. 2 . Deployment process. 
Calculation Method

Model
Equation of motion
As described above, the model is a multibody system consisting of the three rigid bodies connected by hinges. First, the derivation method of the equation of motion for multibody system is discussed using velocity transformation method 5) . Then the equation of motion of the folding wing airplane is derived using the method.
Derivation method of the Equation of motion
The velocity transformation method is applied to derive the equation of motion for multibody system. In this method, a multibody system is divided into several single body systems by ignoring some restraint conditions. For example, when we derive the equation of motion of an arm system as shown in fig. 3 (a), the arm is divided into three rigid bodies as shown in fig. 3 (b). Those equations of motion can be expressed in a form known as the equation of motion of a single rigid body. The velocity transformation method starts from these divided systems and finally leads to the equation of motion of the multibody system using restraint conditions. 
Here, parameters are defined as shown in Eq. (2) and Eq. (3). A folding wing airplane system and divided system are defined as system S and H, respectively. System S has 8 degrees of freedom (DoF); 6 DoF of center body and 2 DoF of wing deployment angles. System H is defined as a system which released the hinge restrictions from system S. System H consists of the three rigid bodies and total DoF is 18. Coordinates and points are defined as shown in fig. 4 . 
B) Definition of the restraint condition
Points P and P', and points Q and Q' show the same point respectively by the hinge restraint condition. This can be written using a position vector r.
This restraint condition reduces 3 × 2 = 6 DoF. Hinge axis vectors AB and AC are defined as Eq. (6).
This restraint condition reduces 2 × 2 = 4 DoF. Hence 18 DoF of system H is decreased to 8 DoF, i.e., DoF of the system S. C) Derivation of the equation of motion of system H Here we discuss the case of rigid body A. The equations of motion are shown in Eq. (7) and Eq. (8). A translational motion is expressed about inertial coordinate system.
Velocity V and external force F can be expressed about rigid body A coordinate system using coordinate transformation matrix C OA .
A time derivative of the velocity can be written as Eq. (11).
By substituting Eq. (10) and Eq. (11) into Eq. (7), we obtain the following equation of motion expressed about rigid body A coordinate system. Eq. (8) is rewritten for convenience.
"Oblique type parameters", combined parameter of translation and rotation, are introduced for a more simple expression. Velocity, force, mass matrix, and angular rate with cross product operator are written as the following equations. 
The equation of motion of the rigid body A expressed about rigid body A coordinate system can be written as Eq. (18).
This can be also written for rigid body B and C. Finally, equations of motion of system H are obtained as Eq. (19).
Here, the following parameters are used. 
D) Definition of the generalized velocity S of system S For the folding wing airplane, it is appropriate for a generalized velocity of the system S to choose the triaxial velocity, triaxial angular rate, related angular rate between rigid body A and B, and between rigid body A and C. E) Expressing S as a linear function of H H, generalized velocities of the system H, are triaxial velocity and triaxial angular rate of each rigid body. It is difficult to express S as a linear function of H directly. So, intermediate system K is introduced. K, generalized velocities of the system K, is triaxial velocity and triaxial angular rate of the rigid body A and triaxial velocity and triaxial angular rate of the rigid body B and C related to rigid body A. The relation between H and K is discussed at first. Then the relation between K and S is discussed. Finally a relation between H and S is obtained using them. This procedure uses a coordinate transformation matrix for oblique type parameters as shown in Eq. (23). 
H is expressed by K using the coordinate transformation matrix for oblique type parameters as shown in Eq. (24).
This can be rewritten using submatrix as follows: 
This can be rewritten using submatrix as follows: The time derivative of the coordinate transformation matrix for oblique type parameters is expressed as follows:
G) Derivation of the equation of motion using Eq. (1)-(3)
Eq. (2) and Eq. (3) can be calculated using parameters obtained above. Eq. (1) can be solved for the time derivative of the generalized velocity. A motion of the airplane is obtained by numerically integrating the time derivative.
Hinge model
A moment on a hinge is dependent on the deployment angle dep . The deployment angle is defined to be 0 degrees at folded state and 180 degrees at deployed state. An infinitesimal angle is introduced. The hinge model discusses the relation between the rigid bodies A and C. However, this discussion can analogously be applied to the relation between the rigid bodies A and B. 
The moment on the hinge N hj is obtained as follows: The moment on the hinge N hj consisted of the moment in case 1 and a reaction moment N reac . When moments due to aerodynamic force and gravitational force act on the deploying direction, the reaction moment reacts at equal magnitude in the opposite direction. In addition, the reaction moment is defined to increase with over-deployment angle.
Moment vector due to gravitational force N grav is expressed using the following equation. 
The hinge moment is obtained from Eq. (45) using Eq. (46).
Other conditions
Aerodynamic characteristics are based on experimental data of deployed state scale model 6) . However, the experiment has only been conducted for the negative elevator deflection. Therefore aerodynamic characteristics at positive deflection are extrapolated using the experimental data. The effect of elevator to the pitching moment was insufficient. Hence the effect is tripled. The aerodynamic characteristics of each rigid body are defined to be same with the deployed state scale model for simplicity. Therefore especially the pitching moment acting on right and left wings is different from the flat plate. The effect of the interference of the flow is ignored. Hence this aerodynamic characteristics model is independent from the deployment angle. However, the deployment angular rate is taken into account as a Z direction velocity. 4 th order Runge-Kutta method is applied as a numerical integration method. A period of an airplane is usually more than 0.1 seconds. Therefore a time interval is set to a sufficiently small value, 0.005 seconds. Atmospheric density and acceleration due to gravity can be expressed as a function of altitude. However, these values are fixed at the value of 32,500 m height for simplicity. An initial condition is set to an equilibrium gliding condition to suppress the unnecessary motion. Here, the true air speed is set to 98 m/s. An angle of attack of the center body is set to 6.7 degrees.
Calculation Condition
The purpose of this study is to examine the dynamic behaviour of the aerial deployment motion. Therefore an effect of an initial deployment angle is investigated as a first step. The deployment angle starts from 0 degrees in actual aerial deployment. In this case, the angle of attack of the right (left) wing is equal and opposite compared with the center. In addition, the deploying motion from under to side makes a velocity relative to the air, which creates a negative angle of attack. However, the aerodynamic characteristics at negative high angle of attack were not obtained. Hence the initial deployment angle is set to 90, 135, and 180 degrees to avoid negative high angle of attack. Then dynamic behaviours of Mars airplane with folded wing deployment are compared. An elevator angle is fixed in this simulation. Figure 5 shows a comparison of a longitudinal motion of the center body. Deployment finish times are 0.4 and 0.2 seconds for initial deployment angle of 90 and 135 degrees, respectively. As shown in fig. 5 , an oscillation is generated. A settling time of the oscillation is about 10 seconds. At the beginning, a negative pitch rate is generated in the case of initial deployment angle of 90 degrees. On the other hand, a positive pitch rate is generated in the case of initial deployment angle of 135 degrees. This difference could be caused due to the aerodynamic drag and pitching moment acted on the right and left wings. It ought to be caused by the setting that aerodynamic characteristics of right and left wings are set to that of the scale model. Hence the pitching moment acting on the right and left wings differed from reality. This result suggests that we need to incorporate aerodynamic characteristics of a wing to the right and left wings.
Results and Discussion
Initial deployment angle : 90 degrees
A proposed method obtains the time derivative of the generalized velocity by multiplying both sides of the Eq. . Y direction distance between center and right (left) wing is not so long as compared with the deployment angle of 90 degrees. Therefore the effect of the drag is weak. On the other hand, an angle of attack of the right (left) wing is smaller than the trim angle. From the viewpoint of a longitudinal static stability, pitching moment due to aerodynamic moment is positive. Pitching direction component of this moment for the center body is also positive. This is why the positive pitching moment is generated. 
Conclusion
A simulation program for aerial deployment motion of a folding wing airplane was developed using a theory of the multibody dynamics. The effect of an initial deployment angle was investigated. A pitching moment was generated due to the drag and pitching moment acting on the right and left wings.
Future works includes these things: the consideration of the aerodynamic characteristics during the deployment through experiment, parametric study of the input parameters.
